When young patients present to the echocardiography laboratory with chest pain, one consideration is that there may be an anomalous coronary artery. For this reason, it is critical that the sonographer evaluate the origins of the coronary arteries and map them with color Doppler flow to ensure that the blood is going in the correct direction. Although this may sound simple, not all sonographers have been trained to image the coronary arteries in detail and map them as far as possible. This pilot study investigated the feasibility of using volume acquisition from the parasternal short-axis and apical views. The results demonstrated that coronary artery origins can be successfully identified in adults using reconstruction of 3D volume data sets without adding significant time to the examination.
Anomalous origin of coronary arteries, although uncommon, is a clinically significant finding and a key cause of sudden death in both pediatric and adult patients. Congenital anomalies of coronary artery anatomy identified by coronary angiography occur in approximately 1% of the general population 1 and are second to hypertrophic cardiomyopathy as the most frequent cause of sports-related sudden deaths. 1, 2 Although symptoms including chest pain or syncope can occur, sudden death is often the first sign of the anomaly. 3, 4 Because of the high-risk nature of this congenital anomaly, it is important to properly identify anomalous coronary arteries and define their anatomic course.
Coronary angiography remains the gold standard for the identification of anomalous coronary arteries. However, 2D echocardiography has been used to successfully identify coronary artery anomalies, 5, 6 left main coronary artery origin, 5, 7 and left main coronary artery color Doppler flow 5, 8 and is reliable in more than 90% of cases. 5 Coronary anatomy can vary slightly from patient to patient, but normal coronary artery branching patterns are similar. The left main coronary artery origin arises from the superior aspect of the left coronary sinus of Valsalva and branches into the left anterior descending artery and the left circumflex artery (Figure 1 ). 9 The left main coronary artery courses posterior to the main pulmonary artery as a short main stem (Figure 2 ), about 1 to 2 centimeters long before get proper color fill in the arteries. Any indication of turbulence or retrograde flow in the coronary arteries should warrant further evaluation. To date, 3D sonographic technology has been used to evaluate ventricular function, valvular morphology, and hemodynamic status in the discipline of echocardiography. 11 Three-dimensional imaging in echocardiography is dependent on the quality of the 2D images, ability to limit motion artifact, and electrocardiogram (ECG) and respiratory gating. 11 Increasing the number of 2D images used to create the 3D volume data set can introduce motion artifact (stitch artifact), which may result in the appearance of "gaps" in the data set. This study investigated the feasibility of using two 3D acquisition planes to evaluate whether the ostia of the coronary arteries could be better visualized than with the standard 2D imaging. Thus, what follows next is a discussion of the significance of identifying normal coronary anatomy, methods used in this study, and results.
Coronary Anomalies
There are two basic types of anomalous origin of coronary arteries: those originating from the pulmonary artery and those originating from the aorta. Of those originating from the aorta, there can be an abnormal number of ostia, either an excess or absence, or abnormal locations of the ostia. 2, 12 
Anomalous Origin of the Left Coronary Artery From the Pulmonary Artery
Anomalous origin of the left coronary artery from the pulmonary artery (ALCAPA) is also called Bland-Garland-White syndrome ( Figure 4 ). 13 This defect is estimated to occur in 1 of 300,000 live births. 14 During fetal life, this anomaly is well tolerated because of the similar pressures and saturations of the aorta and pulmonary artery. 15 After birth, pulmonary vascular resistance decreases and blood flows from the right coronary artery through collaterals into the left coronary artery and into the pulmonary artery, instead of into the myocardium. This coronary steal phenomenon can precipitate myocardial ischemia, myocardial infarction, ventricular dysfunction, valvular regurgitation, and arrhythmias. 16 Without surgical treatment, approximately 90% of infants with this anomaly will die within the first year of life. 15, 17 Two-dimensional echocardiography findings can include a dilated right coronary artery, a left coronary artery that connects to the pulmonary artery, regional wall motion abnormalities, and dilated cardiomyopathy due to ischemia. 14 Additional abnormalities of the left ventricle that are often found include areas of endocardial fibroelastosis, especially in the papillary muscles; mitral annular dilatation dividing into the left anterior descending and left circumflex arteries. The left anterior branch follows the interventricular groove down the anterior wall to the left ventricular apex. 10 The left circumflex branch continues laterally, following the atrioventricular groove curving around to the posterior surface of the heart. 10 The right coronary artery origin arises from the superior aspect of the right coronary sinus of Valsalva (Figures 1  and 3 ). 9 The right coronary artery courses in the atrioventricular groove inferiorly and to the right and then posteriorly to the crux, where it gives rise to the posterior descending artery, which lies in the inferior interventricular groove. 10 Either the left or right coronary artery may be dominant and supply the posterior and inferior portions of the myocardium. 9 Color Doppler should be used to assess the direction of blood flow at the origins of the coronary arteries. Flow optimization may need to be set to high, the color Doppler scale decreased, and the color Doppler gain increased to with mitral regurgitation; and aneurysm formation, especially in the apex. 18 Color Doppler findings with this anomaly include diastolic, turbulent flow in the pulmonary artery at the connection of the left coronary artery. 18 In addition, color Doppler will reveal retrograde flow in the left coronary artery. 18 
Anomalous Origin From the Opposite Sinus of Valsalva
In a prospective angiographic study, the incidence of anomalous origin of a coronary artery from the opposite sinus was 1.07%-specifically, 0.92% incidence of the right coronary artery originating from the left sinus and 0.15% incidence of the left coronary artery originating from the right sinus. 19, 20 There are three types of pathways that these anomalous coronaries can take. These include interarterial, retro-aortic, and anterior to the pulmonary trunk. 21 The interarterial type ( Figure 5 ) is most worrisome because the proximal portion of the coronary artery courses between the aorta and the main pulmonary artery from the contralateral coronary sinus, crossing to the appropriate side of the heart. Myocardial ischemia can occur, inducing angina, myocardial infarction, life-threatening arrhythmias, syncope, and sudden death. 19, [22] [23] [24] This type of anomaly of origin, especially an anomalous left, is estimated to account for about 20% of sudden deaths in young athletes. 2, 4, [25] [26] [27] The specific cause of the myocardial ischemia that occurs with an interarterial course is not clear, but several possibilities have been emphasized. First, an acute angle of takeoff from the coronary sinus, causing a slit-like orifice, has been suggested. 4, 25, [28] [29] [30] [31] Second, the proximal segment of the anomalous coronary artery may have an intramural course ( Figure 6 ), meaning that the coronary artery travels within the wall of the aorta. 4, 25, [28] [29] [30] [31] This intramural segment may be stretched and narrowed during systole. 32, 33 Finally, in some cases, the ischemia may be caused by vasospasm as a consequence of repeated endothelial injury of the anomalous coronary artery. 25, 34, 35 Although an anomalous coronary artery originating from the contralateral coronary sinus may carry similar complications regardless of whether the right or left coronary is involved, sudden death rates differ between the two because of the different regions of the heart that they each perfuse. Also, there is a higher risk of sudden death in cases where the anomalous coronary artery is dominant. 12 Although anomalous left coronary artery from the right sinus is less common ( Figure 5 ), 19, 20 it carries a higher risk of sudden death than anomalous origin of the right coronary artery. Autopsy studies have reported the risk of sudden death with an anomalous left coronary artery from the right coronary cusp to be from 27% 22, 36 to 57% 4,30,37 and in cases of anomalous right coronary artery from the left sinus ( Figure 7 ) from 15% 4,37 to 25%. 29, 37 Two-dimensional echocardiographic features of the anomalous left main coronary artery include the inability to visualize the left main coronary artery originating from the left coronary sinus and visualization of the ostia and proximal segments of two coronary arteries originating from the right coronary sinus. 18 Similarly, the anomalous right coronary artery can often be visualized using 2D echocardiography and will be seen originating from the left sinus of Valsalva instead of the right. 18 
Other Types of Anomalous Coronary Anatomy
Other examples of anomalous origins of coronary arteries that can occur include separate origins of left anterior descending and left circumflex coronary arteries from the left sinus of Valsalva, 38 left anterior descending or left circumflex coronary arteries originating from the pulmonary artery, 39 left anterior descending artery arising from the posterior coronary cusp, 3 or a single ostium giving rise to all of the coronary arteries (Figure 8 ). 5, 40 In a study of 126,595 patients undergoing coronary angiography, separate ostia of the left anterior descending and left circumflex coronary arteries from the left coronary cusp were found in 0.41%. 41 The finding of the left anterior descending or left circumflex coronary arteries originating from the pulmonary artery is rarer than Bland-White-Garland syndrome. This anomaly carries ischemic risk, although less than in Bland-White-Garland syndrome, because of the low perfusion pressure in the left anterior descending territory. 39 The left anterior descending coronary artery arising from the posterior coronary sinus is an extremely rare coronary anomaly and has been previously noted in only a few reports. 3, [42] [43] [44] A single ostium giving rise to both the right coronary artery and left main coronary artery has been reported in a large angiography study in only 0.019% 41, 45 and is usually asymptomatic but may present as myocardial ischemia, syncope, or sudden death depending on the course and presence and severity of atherosclerosis. 45 In general, these additional coronary anomalies have risks and associated complications similar to the coronary anomaly they most closely resemble.
Methods

Study Population
After receiving approval from our institutional review board, nine adult volunteers were recruited over a period of one month. All volunteers gave written informed consent.
Echocardiography
Echocardiography was performed using a Philips iE33 imaging system (Philips, Andover, Massachusetts) and the X3-1 three-dimensional transducer. Cine loops were recorded in 2D from the parasternal short axis at the level of the aortic valve and apical four-chamber views to visualize coronary artery origins in 2D. Three-dimensional full volume data sets were then acquired from the same views to reconstruct to the level of the coronary artery origins. To minimize artifacts, all 3D acquisitions were obtained with respiration suspended and ECG gating. All participants were in sinus rhythm. Cropping was performed using a single plane method, and the volume data sets were manually adjusted to display the ostia of the coronary arteries. Steps taken to reconstruct 3D volume data sets are presented in Tables 1 and 2 .
Results
The 3D volume acquisition was completed within an average of 5.4 minutes on the system. During the course of the study, there were two participants whose coronary artery ostia were difficult to image using 2D echocardiography. From the parasternal short-axis view at the level of the aortic valve, a volume was acquired 2
Using the green maximum (z-axis) cropping plane, the data set was sliced superior to inferior on the volume to find a plane in which the coronary artery origins were visualized 3
The volume was rotated, if necessary, to better visualize the ostia In one of the two participants, the left coronary artery ostium was difficult to identify using 2D echocardiography ( Figure 9 ) but was successfully identified after reconstruction of the 3D volume data set that had been acquired ( Figure 10 ). In the second of the abovementioned participants, the distal right coronary artery was easily identified with 2D echocardiography, but the ostium was not clearly delineated with 2D ( Figure 11 ). The left coronary artery ostium appeared to be in the normal position in 2D ( Figure 12 ). However, after reconstruction of the 3D volume data set of this participant, it was confirmed that there was a common ostium for both the right and left coronary arteries originating from the left coronary cusp (Figure 13 ). The parasternal short-axis volume data sets were successfully reconstructed to demonstrate the right and left coronary artery ostia in all nine participants, whereas the apical volume data sets proved to be more difficult to reconstruct. The apical data sets were reconstructed to visualize the coronary ostia in only two of the nine participants. It is possible that because of the angle at which the aorta lies in the apical view relative to the transducer, the reconstruction of the data set requires more complex angles to be used for cropping than the traditional x-, y-, and z-planes. The resolution of the coronary artery origins from the apical view is also reduced, given the increased distance from the transducer compared to the parasternal view.
Discussion
These pilot study results indicate that 3D sonography can be used to demonstrate normal and abnormal coronary artery anatomy. This study showed that using the 3D data set allowed the operator to visualize the ostia more clearly and confirm that the coronary arteries were indeed originating from the correct cusps. The 3D data set provided the operator a unique understanding regarding the spatial relationship of the coronary anatomy. Instead of being limited to the standard 2D imaging planes normally used for identifying coronary artery origins, such as parasternal short axis at the level of the aortic valve (Figures 2  and 3) , the volume data sets could be rotated on the yand z-axes to obtain oblique views of the ostia. This would be especially helpful when aiding in the surgical planning for reimplantation of the coronary arteries. Flexibility of the imaging planes would better prepare a surgeon for what would be encountered during surgery.
One limitation of this study was that the apical data sets proved challenging to reconstruct to the level of the coronary origins, but it is likely that with more experience, the apical views could be used to identify coronary artery origins with 3D volume data sets. Another limitation was that the data sets were collected on a small number of volunteers.
Conclusion
Congenital anomalies of coronary artery anatomy identified by coronary angiography occur in approximately 1% of the general population, 1 and although symptoms including chest pain or syncope can occur, sudden death is often the first sign of the anomaly. 3, 4 Because of the high-risk nature of this congenital anomaly, it is important to properly identify anomalous coronary arteries and define their anatomic course.
This pilot study demonstrates that coronary artery origins can be successfully identified in the adult population using reconstruction of 3D volume data sets without adding significant time to the examination. Future testing and application of this technique are warranted on additional patient populations.
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